Purpose To establish a lymph-cannulated mouse model, and use the model to investigate the impact of lipid dose on exogenous and endogenous lipid recruitment, and drug transport, into the lymph of males versus females. Finally, lymphatic transport and drug absorption in the mouse were compared to other pre-clinical models (rats/dogs). Methods Animals were orally or intraduodenally administered 1.6 mg/kg halofantrine in low or high 14
INTRODUCTION
Recent estimates suggest that 40% of currently marketed drugs and up to 75% of drugs in development may be regarded as 'poorly water soluble' (1) . These drug candidates are a challenge to deliver via the oral route as their absorption is often poor and unpredictable when administered in conventional (tablet/capsule) dosage forms (1) . A range of delivery technologies have been developed to address the issues of low water solubility and slow dissolution and these include manipulation of crystal form (polymorphs, salts, cocrystals) and particle size, the use of complexation agents such as cyclodextrins and the application of formulation approaches such as solid dispersions (1) . For poorly water soluble lipophilic drugs, lipid based formulations have particular appeal and may enhance absorption, and for a subset of extremely lipophilic drugs (typically those with log Ds >5 and long chain lipid solubilities >50 mg/g (2) , although exceptions are apparent (3) (4) (5) ), also promote intestinal lymphatic transport (6, 7) .
Intestinal lymphatic transport has the additional benefits of the potential to enhance bioavailability through avoidance of first pass metabolism in the enterocyte (8) as well as the liver (9) (10) (11) (12) , and may influence drug activity and toxicity by altering drug clearance (13) and distribution (13) (14) (15) . Indeed, recent studies suggest that selection of drug design and delivery strategies to promote uptake via the lymphatics may, in some therapeutic classes, improve drug selectivity (and thus efficacy and toxicity profiles) by increasing delivery to active sites (e.g. immunomodulators, anti-cancer, antivirals etc.) (15) (16) (17) .
Pre-clinical assessment of drug exposure during discovery can identify candidates that carry the risk of poor oral bioavailability and thus prevent progression of compounds with unworkable biopharmaceutical properties. These pharmacokinetic studies are commonly performed in rats and dogs with rat studies being more common, at least in early discovery, as smaller animals are cheaper to house and maintain. Animal studies can also be employed to better understand the fundamental processes that drive (and/or limit) absorption and bioavailability, including, for example, lymphatic drug transport. Intestinal lymphatic drug transport studies are most commonly conducted in rats due to the presence of well-established surgical procedures for lymphatic cannulation and the availability of a plethora of comparative data (18) (19) (20) (21) (22) . Intestinal lymphatic drug transport has also been evaluated in dogs, and this enables the measurement of lymphatic drug transport after administration of full sized human dosage forms (9, 23) . However, dog studies are not performed routinely as experimental logistics are complicated due to the terminal nature of lymph cannulation studies. The availability of mutant and knockout mouse strains, including mice with altered expression profiles for transporters and enzymes that impact on drug bioavailability makes the conduct of drug absorption studies in murine models attractive. However, the surgical complexities of lymphatic cannulation have, to this point, precluded application in drug transport studies, although a lymph cannulated mouse model has been used previously to examine intestinal lymphatic lipid transport (24, 25) .
The primary aim of the present study was therefore to establish and validate a contemporary lymph-cannulated mouse model to examine lymphatic drug transport. The surgery to cannulate the mesenteric lymph duct in mice is more challenging and time consuming than the equivalent surgery in rats, however, the model provides an opportunity to conduct studies in transgenic animals and disease models that are commonly not available in rats. In the current study, the lymph cannulated mouse model was used to probe the impact of lipid dose on the recruitment of exogenous and endogenous lipids into the lymph of male and female mice, and to examine the impact of changes in lymphatic lipid transport on the lymphatic transport of a model drug, halofantrine. Finally, the generation of a lymphatic transport model in the mouse has allowed a comparison of trends in lymphatic transport and drug absorption data across common pre-clinical models (mouse -rat -dog). The data suggest that lymphatic lipid transport is remarkably similar (on a mg/kg basis) across species, but that for halofantrine, at least, lymphatic drug transport becomes less efficient in smaller animal models. The data provide an important comparison of lymphatic transport data across preclinical species. and 0.5 mm and 0.5 and 0.2 mm external and internal diameters were obtained from Microtube Extrusions, NSW, Australia. All other chemicals were analytical reagent grade.
Experiment Design
In part 1, a mouse model of lymphatic drug transport was developed and used to assess the lymphatic transport of lipids (exogenously administered fatty acid and endogenous triglyceride and phospholipid) and halofantrine in mesenteric lymph duct cannulated, anaesthetised male and female mice after intraduodenal administration of 0, 18.1, 250 or 1000 mg/kg oleic acid or 250 mg/kg capric acid. This enabled examination of the impact of lipid dose, lipid type and sex on lymphatic lipid and drug transport.
In Part 2, the lymphatic transport of triglyceride and halofantrine in male mice was compared to previous data collected in mesenteric lymph duct cannulated rats (20, 21, (26) (27) (28) and thoracic lymph duct cannulated dogs (9, 29) administered various long chain lipid (oleic acid, olive oil, soybean oil) doses. Additional data was also obtained after administration of 18.1 mg/kg long chain lipid to mesenteric lymph duct cannulated anaesthetised male and female rats, and conscious male rats to provide a complete set of data across species at this dose. The data for lymphatic transport in conscious rats (Supplementary Material Fig. S1 ) was similar to that obtained in anaesthetised animals verifying that surgical anaesthesia was not a major contributor to inter-species differences in lymphatic transport.
In part 3, differences in halofantrine oral bioavailability in non-lymph duct cannulated animals was explored across species and as a function of conscious state (anaesthetised vs conscious) to explore the potential for differences in total absorption to explain species differences in lymphatic transport. The oral bioavailability of halofantrine was calculated after administration to anaesthetised or conscious mice and rats via comparison of plasma AUCs after oral dosing with 18.1 mg/kg long chain lipid and after IV dosing. The mouse and rat data was compared to previous data obtained after administration of halofantrine with 18.1 mg/kg long chain lipid to thoracic lymph duct cannulated conscious greyhound dogs (9, 29) .
Formulation Preparation
For experiments in anaesthetised mice and rats, halofantrine was administered in an oleic acid emulsion. Previous studies have demonstrated that the digestive capability of rodents is reduced when anaesthetised, but that absorption and lymphatic transport is as efficient as it is in conscious animals when anaesthetised animals are administered well dispersed and pre-digested lipids (ie fatty acids and/or monoglycerides rather than triglycerides) (27) . The data in Supplementary Material Fig. S1 showing equivalent lymphatic transport of halofantrine in anaesthetised rats administered halofantrine in dispersed and pre-digested lipids, and conscious rats administered halofantrine in dispersed but undigested lipids, is also consistent with this suggestion. The components of the emulsions administered intraduodenally to mice are listed in Table I. Table I also lists the formulation administered intraduodenally to rats which comprised 1.6 mg/kg halofantrine and 18.1 mg/kg oleic acid (containing a trace of 0.5 μCi of 14 C-oleic acid) dispersed in 5.6 ml of 0.2% Tween 80 in normal saline. The oleic acid emulsions were prepared as described previously (21) and the drug and 14 Cfatty acid content were verified by HPLC and liquid scintillation counting, respectively, on the day of dosing.
For experiments in conscious animals, 1.6 mg/kg halofantrine was prepared in a long-chain lipid based selfemulsifying drug delivery systems (SEDDS) according to previously established methods (9) . The SEDDS formulation consisted of 30.5% w/w soybean oil, 30.5% w/w Maisine 35-1, 31.6% w/w Cremophor EL and 7.4% w/w ethanol and was administered such that animals received 18.1 mg/kg long chain lipid (soybean oil and maisine 35-1 combined) (approximately 31.25 mg/kg of SEDDS formulation). In mice and rats, the appropriate volume of SEDDS was pre-dispersed in 0.1 ml or 1 ml water, respectively, prior to dosing. In dog studies, the SEDDS formulation was incorporated into a capsule as described (29) . The dispersion and emulsification characteristics of the formulations were assessed as previously described (30) and the halofantrine content of the SEDDS and pre-dispersed SEDDS were verified by HPLC or LC-MS on the day of dosing.
For intravenous administration, halofantrine was incorporated into intralipid emulsions as described previously (4, 27) . Fasted mice received 0.2 ml intralipid emulsion, fasted rats 1 ml intralipid emulsion and dogs were fed 30 g of lipid in food and received 5 ml of intralipid formulation. Total lipid doses administered to the animals were thus kept relatively similar across species (~1 g/kg, 0.33 g/kg and 1 g/kg in mice, rats and dogs, respectively) as a recent study has suggested that the clearance, distribution and thus area under the plasma concentration vs time profile and oral bioavailability calculations for halofantrine may be influenced by systemic lipid levels (13) . The intravenous formulation administered to the fed dogs contained 50 mg (~1.6 mg/kg) halofantrine in 5 ml intralipid (9) . For administration to fasted mice and rats, 5 mg or 10 mg halofantrine were dissolved in 750 μl and 400 μl (respectively) of 3:5 dimethylacetamide:triacetin and 100 μl and 400 μl of the resultant mixture added dropwise (5 μL per addition) to 4 ml or 15 ml of intralipid. Mice received 0.2 ml of the resultant mixture whereas rats received 1 ml. The intralipid formulation was ultrasonicated between each dropwise addition of drug in cosolvent using a Misonix XL 2020 ultrasonic processor (Misonix, Farmingdale, NY) equipped with a 3.2 mm microprobe which was pulsed (1 min on/20 sec off) at an amplitude of 240 μm and a frequency of 20 kHz. During ultrasonication, the emulsion was cooled on ice. The emulsion was stored at 4°C overnight prior to dosing. Immediately prior to dosing, the emulsion was passed through a 0.2 μm filter (Minisart CE, Santorius, UK). An aliquot of the filtered emulsion was subsequently assayed for drug content by HPLC to accurately determine the dose administered.
Animal Experiments
All surgical and experimental procedures were approved by the local institutional animal ethics committee. Data from the dog studies (9, 29) and some of the rat studies (20, 21, (26) (27) (28) has been reported previously and is reported here for comparative purposes. The lymphatic transport and bioavailability studies described here were performed in male Sprague-Dawley rats (280-320 g) and male (22-26 g ) or female (20-24 g) C57BL/6 mice. The rats were anaesthetised using a previously described combination of ketamine, xylazine and acepromazine (31) . In mice, anaesthesia was initiated by subcutaneous injection of 133 mg/kg ketamine and 10 mg/kg xylazine and anaesthesia was maintained throughout the experiment with top up doses of 40 mg/kg ketamine and 3 mg/kg xylazine every 20-60 min. Whilst anaesthetised, the body temperature of the mice and rats was maintained by placing them on a heated pad at 37°C (Ratek, Australia). At the conclusion of the experiments, mice and rats were killed via a lethal IP dose of 0.1 or 1 ml, respectively, of sodium pentobarbitone (100 mg/ml).
Lymphatic Transport Studies in Mice
Mice were fasted for 2 h prior to studies as the mesenteric lymph duct was not visible, even when viewed through a microscope, in overnight fasted animals. However, the relatively short period of fasting (plus the surgical period and a 0.5 h recovery period post-surgery) was sufficient to return lymph lipid transport to baseline, fasted levels, as the lymphatic transport of lipids was consistent in the samples collected from 0-2, 2-4, 4-6 to 6-8 h in mice infused with saline ( Fig. 1) .
To cannulate the mesenteric lymph duct, the abdomen was shaved and cleaned aseptically with chlorhexidine solution and the abdominal muscle wall was opened with a straight~1 cm incision extending from the midline to the right hand side approximately 0.3 cm down from the ribcage. The small intestine was exteriorised, placed on the left hand side of the animal and wrapped in a piece of sterile The intestine was cannulated by placing a hole in the duodenum~0.3 cm below the pylorus with a 25 G needle, introducing a polyethylene cannula (0.5 mm i.d. and 0.8 mm o.d., which was prepared by heat moulding the tip into a 'J' shape that hooked into the intestine) and securing the cannula with a drop of instant cyanoacrylate adhesive. Once the duodenum was cannulated, the mice were rehydrated with a 0.3 ml/h infusion of normal saline. The abdominal wound was subsequently closed with sterile sutures and the mice were rehydrated for 0.5 h prior to infusion of either saline (as a control) or the halofantrine formulations (Table I ) at a rate of 0.5 ml/h for 1 h. After 1 h, the intraduodenal infusion was changed back to 0.3 ml/h normal saline. Lymph was collected continuously into tared tubes containing 15 μl of 1,000 IU/ml heparin that were changed every 2 h for 8 h after initiation of formulation administration. Triglyceride, phospholipid, 14 C oleic acid and halofantrine concentrations in lymph were measured as described below.
Bioavailability Studies in Mice
Bioavailability was calculated, as described below, by comparing the area under the plasma concentration versus time profiles following intestinal or oral administration of halofantrine with data obtained after IV administration. Studies were conducted in both anaesthetised mice (for direct comparison to lymph transport data) and conscious mice (to enable comparison to conscious dog studies and to evaluate the levels of consistency between anaesthetised and conscious mice).
In anaesthetised and conscious mice, oral bioavailability studies were conducted following a 2 hour fast using a population approach where each mouse was able to provide blood samples at 2 time points only. Anaesthetised animals were intraduodenally dosed with 1.6 mg/kg halofantrine in 18.1 mg/kg long chain lipid as an emulsion whereas conscious animals were dosed via oral gavage with 1.6 mg/kg halofantrine in 18.1 mg/kg long chain lipid contained in a SEDDS formulation pre-dispersed in 0.1 ml of milliQ water (see Table I for formulation details). IV administration of halofantrine in intralipid was achieved via bolus administration into the tail vein of conscious, restrained animals. In oral/intestinal and IV dosing studies, two 100 μl blood samples were taken from each mouse via submandibular bleeding from 2 sites on opposite sides of the jaw. Replicate experiments were performed to provide n=3-6 blood samples at pre-set time points following dosing (between −5 min and 26 h post-dosing). Plasma was separated from blood via centrifugation and plasma halofantrine concentrations were measured by LC-MS.
Lymphatic Transport Studies in Rats
For lymphatic studies in anaesthetised rats, rats were fasted overnight prior to initiation of anaesthesia. The duodenum Lymph duct Mesenteric artery Kidney and mesenteric lymph duct were then cannulated as described previously (21, 32) . After surgery the rats were allowed to rehydrate for 0.5 h with an intraduodenal infusion of 2.8 ml/h normal saline. Following the rehydration period, rats were infused with the halofantrine emulsion (see Table I ) at a rate of 2.8 ml/h for 2 h. Following the 2 h dosing period, normal saline was infused intraduodenally at 2.8 ml/h for the remainder of the experiment. For studies in conscious rats, rats were anaesthetised, the jugular vein and mesenteric lymph duct cannulated and cannulas exteriorised to the back of the neck and through a spring and swivel system, as described previously (20, 26) . The rats were allowed to recover overnight with free access to water but food was withheld. During the overnight recovery period and for the remainder of the experiment, saline was infused into the jugular vein at a rate of 0.5 ml/h. The next morning, rats were administered 1.6 mg/kg halofantrine in 18.1 mg/kg long chain lipid contained in a SEDDS formulation (Table I ) pre-dispersed in 1 ml milliQ water. The dispersed formulation was administered by oral gavage. Food was returned to the animals 8 h after dosing.
In both anaesthetised and conscious animals, lymph was continuously collected for 8 h following initiation of dosing. Lymph was collected into tared polyethylene tubes containing 10 μL of 1,000 IU/ml heparin. Collection tubes were changed hourly. Triglyceride, phospholipid, 14 C oleic acid and halofantrine concentrations in lymph were determined as described below.
Bioavailability Studies in Rats
Bioavailability was calculated, as described below, by comparing the area under the plasma concentration versus time profiles following oral and IV administration of halofantrine. Studies were conducted in both anaesthetised rats (for direct comparison to lymph transport data) and conscious rats (to enable comparison to conscious dog studies and to evaluate the level of consistency between anaesthetised and conscious rats).
For bioavailability studies in anaesthetised rats, rats were fasted overnight prior to initiation of anaesthesia and the duodenum and carotid artery were cannulated as described previously (21, 26, 32) . After surgery the rats were allowed to rehydrate for 0.5 h with an intraduodenal infusion of 2.8 ml/h normal saline. Following the rehydration period, rats were infused with the halofantrine emulsion (see Table I ) at a rate of 2.8 ml/h for 2 h. Following the 2 h dosing period, normal saline was infused intraduodenally at 2.8 ml/h for the remainder of the experiment. Blood samples (300 μl) were taken from the carotid artery at pre-set time points between −5 min and 8 h after initiation of formulation dosing and plasma was separated from blood via centrifugation. Plasma drug concentrations were measured by LC-MS.
For studies in conscious animals, rats were anaesthetised prior to surgery and after surgery were allowed to regain consciousness and recover overnight (with free access to water but not food) prior to drug administration and sampling. In the oral administration studies, the carotid artery was cannulated as described previously (20, 26) and the next day animals were administered 1.6 mg/kg halofantrine in long chain SEDDS via oral gavage. In the IV administration studies, the jugular vein and carotid artery were cannulated as described previously (20, 26) and the next day animals were administered halofantrine in intralipid via slow IV infusion over 5 min. Blood samples (300 μl) were taken from the carotid artery at pre-set time points between −5 min and 28 h after initiation of formulation dosing and plasma was separated from blood via centrifugation. Plasma drug concentrations were measured by LC-MS.
Bioavailability and Lymphatic Transport Studies in Dogs
Bioavailability and lymphatic transport data in greyhound dogs have been reported previously (9, 29, 30) and are reproduced here for comparative purposes. Oral and IV dosing studies were performed in conscious, thoracic lymph duct cannulated dogs with a catheter also placed in the cephalic vein to enable blood sampling. In oral dosing studies, dogs were fasted overnight and for 12 h post-dose, and were administered a single (1 g) soft gelatin capsule containing 1.6 mg/kg halofantrine in 18.1 mg/kg long chain lipid in a SEDDs formulation (see Table I ). Lymph was collected for 10 h post-dose (data reported here is up to 8 h post-dose) into tared tubes changed at least hourly. Blood samples were collected at pre-set times between 0 and 10 h post-dose. In IV dosing studies, dogs were administered 2 mg/kg halofantrine in 5 ml intralipid and blood samples were collected at pre-set times between 0 and 24 h post-dose. Plasma was separated from all blood samples via centrifugation and halofantrine concentrations in lymph and plasma measured via a validated HPLC method.
Analytical Methods

HPLC
The lymph concentrations of halofantrine in rats and mice were measured using previously described sample preparation procedures followed by HPLC (9, 21, 26, 33) . A Shimadzu HPLC system (comprising an online DGU-20A5 degasser, two LC20AD pumps, an SIL-20A autosampler and a SPD-20A UV/Vis detector connected via a CBM-20A communications bus module and controlled via LC Solutions software) was used for analysis (Shimadzu, Kyoto, Japan). Recovery of Hf spiked into blank rat or mouse lymph (at low, medium and high concentrations of 0.5, 1 and 2 μg/ml) was > 95% (n=5 analyses at each concentration) and the assay was accurate and precise (to within ± 10% of nominal concentrations) at concentrations of 25-1,000 ng/ml.
LCMS
Halofantrine concentrations in mouse and rat plasma were assayed by LC-MS. Plasma samples (50 μl) were prepared for LC-MS via addition of 1,000 ng/ml of the internal standard (N, N-dibutyl-3-(1,3-dichloro-6-trigluoromethyl9-phenanthyl-3-hydroxypropionamide) followed by a 1 min vortex, addition of 50 μl saturated ammonium sulphate solution and a further 30 s vortex. 150 μl of acetonitrile was then added followed by a 1 min vortex and samples were left to stand at room temperature for 20 min prior to centrifugation at 3,500 g for 5 min. The supernatant (25 μl) was pipetted into vials for LC-MS analysis.
The LC-MS system consisted of two LC-20 AD pumps, an on-line DGU-20A5 solvent degasser, CTO-20A column oven and a single quadrupole mass spectrometer with an electrospray ionization (ESI) interface (Shimadzu, Kyoto, Japan). Data acquisition and processing were performed using LCMS Solutions software (Shimadzu, Kyoto, Japan). 5 μL samples were injected onto a Phenomenex Gemini C18 110A column (3 μm particle size, 50 mm×2.00 mm i.d. Phenomenex, CA) at 29°C and the mobile phase flow rate was 0.4 mL/min. Mobile phase A was 60:40 (v/v) acetonitrile:water with 0.2% ammonium hydroxide and mobile phase B was 95:5 (v/v) acetonitrile:water with 0.2% ammonium hydroxide. The mobile phase gradient sequence was as follows: mobile phase B was initially held at 50% for 0.5 min, then linearly increased to 100% over the next 2 min, prior to holding at 100% for 4.5 min, and return to 50% over 0.5 min. Mobile phase B was then held at 50% for 4 min prior to injection of the subsequent sample. The total run time was 11.5 min per injection with the flow to the MS redirected to waste for the first 2 min using a flow diverter positioned after the column. Halofantrine and the internal standard eluted at 5.6 and 3.2 min.
LC-MS detection of halofantrine and the internal standard was performed with the single quadrupole mass spectrometer ESI interface in positive ion mode. Halofantrine and the internal standard were detected by selective ion monitoring (SIM) of the 499.80 and 513.95 mass/charge ion peaks (m/z) ([M+H] + ). The heat block and curved desolvation line (CDL) were maintained at 200°C, interface and CDL voltages were 4.5 kV and −50.0 V, the nebulising gas flow rate was 1.5 L/min, and the drying gas flow rate 10 L/min.
The LC-MS method was validated by assay of replicate (n=4) quality control samples at low, medium and high concentrations (10, 50, 500 and 1,000 ng/ml) on three separate days. The assays were found to be accurate (within 10% of target concentration) and precise (co-efficient of variation <10%) for concentrations of halofantrine between 10 and 1,000 ng/ml. Inter-day variability in precision and accuracy was < 10% and the limit of quantitation was 10 ng/ml.
Lipid Analysis
Lymph concentrations of triglyceride (TG) and phospholipid (PL) were determined using commercial enzymatic colorimetric methods, as described previously (9) .
The concentration of exogenous, radiolabelled fatty acid (FA) in each lymph sample was measured by scintillation counting following addition of 2 ml Irgasafe plus® to 10 μl (mouse) or 30 μl (rat) lymph samples. The scintillation method was validated by spiking blank lymph samples with low, medium and high concentrations of 14 C-oleic acid and the measured concentrations were within 5% of the nominal concentration.
Calculations
The mass of triglyceride, phospholipid, exogenous 14 C-oleic acid and halofantrine transported in lymph was calculated from the product of the measured concentration and the lymph flow rate during each time period. These values were in some cases, further normalised across species by dividing by body weight (where the weight of individual rats or dogs was not available from previous studies, average weights of 300 g and 32 kg, respectively, were used for calculations since these values were recorded). Total, exogenous and endogenous FA transport into the lymph were calculated as described previously for rats (21) . Total FA transport in lymph (expressed in terms of the total moles of FA) was calculated from the mass of TG and PL transported in lymph by assuming that each mole of lymph TG and PL comprised 3 and 2 moles of FA, respectively. Endogenous FA transport in intestinal lymph was calculated by subtracting the mass of exogenous (radiolabelled) FA recovered in each lymph sample from the mass of total FA (from TG and PL) recovered.
Noncompartmental Pharmacokinetic Analysis of Data from Rats and Dogs
Pharmacokinetic parameters following intravenous, oral or intraduodenal administration of halofantrine to rats and dogs were calculated according to standard noncompartmental methods. The first order terminal elimination rate constant (k) was determined from the slope of the terminal log-linear phase of the individual plasma drug concentration-time profiles. The area under the plasma concentration-time profiles (AUC 0À1 plasma , ng.h/ml) from time zero (0 h) to infinity (∞) in dogs and rats were calculated using the linear trapezoidal method from time zero until the last measured time point and addition of the area for the terminal phase (ie the last measured plasma concentration divided by k).
The bioavailability (F apparent ) of halofantrine in rats was calculated as the ratio of the AUC values following oral and IV administration, ie:
where D PO and D IV are the total doses administered via the oral and intravenous routes, respectively, and AUC 0À1 PO and AUC 0À1 IV represent the plasma AUC from time zero to infinity following oral and IV dosing, respectively.
The bioavailability of halofantrine in thoracic lymph duct cannulated dogs was calculated via the addition of the proportion of the dose recovered in lymph, and the proportion presented to the systemic circulation following absorption via the portal vein (F Portal ). Although data were taken from published papers (9,29), F portal was not previously calculated. F portal was calculated as the ratio of dose normalised AUC 0À1 plasma values following oral versus IV administration to lymph cannulated dogs:
where D PO and D IV are the total doses administered via the oral and intravenous routes, respectively, and AUC 0À1 portal and AUC 0À1 IV represent the plasma AUC from time zero to infinity following oral dosing and IV dosing to lymph cannulated dogs, respectively.
Population Pharmacokinetic Modelling of Mice Data
The bioavailability after oral dosing in mice was calculated via population pharmacokinetic modelling using the importance sampling algorithm (pmethod=4) in S-ADAPT (version 1.57) (34) and the SADAPT-TRAN facilitator tool (35) . Data from 39 mice each contributing two plasma concentrations at two of eleven different time points over 24 h were simultaneously modelled. Nineteen mice received an intravenous bolus dose and 20 mice were dosed orally. Linear pharmacokinetic models with one, two, or three disposition compartments, and an oral absorption compartment with or without an absorption lag compartment, as described previously (36), were considered. Between animal variability was described by log-normal distributions using a major diagonal variance-covariance matrix. A combined additive and proportional residual error model was used. Model evaluation was performed using the objective function and a series of diagnostic plots as described previously (37) . Population pharmacokinetic modelling provides the advantage that it can estimate both the mean bioavailability and its between animal variability. This variability estimate is not provided by Bailer's method (38) .
The halofantrine concentrations in mice after oral and intravenous dosing were best described by a linear threecompartment model. The oral absorption was excellently fitted by an absorption compartment and an absorption lag compartment linking the former with the central compartment. This model yielded unbiased and precise curve fits (fitted vs. observed concentrations: r>0.999 for individual fits and r=0.872 for population fits) and provided highly sufficient predictive performance assessed via visual predictive checks and normalised prediction distribution error plots (results not shown). The estimated bioavailability had a geometric mean of 15.5% and a small between animal variability (3.6% coefficient of variation) suggesting consistent oral absorption in mice.
Statistical Analysis
Statistically significant differences among group means for lymph transport data in mice and for lymphatic transport across species were assessed by one-way analysis of variance (ANOVA), using a Tukey HSD post hoc test where variances were homogenous or Dunnett T3 post hoc test where variances were not homogenous. These analyses were performed using SPSS for Windows versions 15.0. (SPSS Inc, Chicago, Il). Significant differences in oral bioavailability and AUC 0 1 plasma data across species were assessed using the z test. Differences with values of p<0.05 were considered significant.
RESULTS
Validation of Mesenteric Lymph Cannulated Mouse Model
The mesenteric lymph flow rates after administration of the different lipid based formulations to mice ranged from 55 to 200 μl/h. Mean lymph flow rates ranging from 140 to 250 μl/h have previously been reported for conscious mice administered continuous lipid infusions into the duodenum at a rate of 0.3 ml/h for 6 h (24). The flow rates in the current study are consistent with this although they appear related to the mass of lipid dosed. The average mesenteric lymph flow rate in rats ranges from 400 to 3,000 μl/h (20, 27, 32, 39) and since mice weigh approximately 10-12 fold less than rats the flow rate of mesenteric lymph is comparable between the two species on a μl/h/kg basis, providing further confidence in the lymph cannulated mouse model. Irrespective of flow rate, Fig. 3b and Table II show that between 40% and 70% of the administered dose of exogenous oleic acid (doses ranged from 18.1 mg/kg to 1,000 mg/kg) was recovered in the lymph of male and female mice with recovery related to the mass of lipid dosed. This data is consistent with studies describing the recovery of 40-80% of a dose of administered, exogenous fatty acid or triglyceride in the mesenteric lymph of conscious or anaesthetised rats (26, (40) (41) (42) . In mice, Nauli et al. found that 21-70% (mean 50%) of a 4 μmol/h (3.5 mg/h or~175 mg/h/kg) dose of triolein was transported into the mesenteric lymph of conscious male mice whereas female mice had a distinct bimodal distribution with 12 mice falling in the range of 0-30%, and 20 mice falling in the range of 31-70% (25, 43, 44) .
Lymphatic Lipid Transport and Lymph Flow in Mice: Impact of Lipid Dose, Lipid Type and Sex
Lymphatic transport of endogenous and exogenous lipid was remarkably similar in male and female mice (Table II and Fig. 3a) . One exception was the transport of endogenous fatty acid in the groups administered 1,000 mg/kg oleic acid, in which transport was significantly higher in male when compared to female mice (Table II) . Lymphatic transport of both endogenous and exogenous lipids was also higher in male when compared to female rats after administration of 18.1 mg/kg long chain lipid (see Supplementary Material  Fig. S2 ). As expected, lymphatic transport of triglyceride increased according to the mass of long chain lipid (oleic acid) administered to the mice (Fig. 3a and Table II ). The increase in total lipid (fatty acid) transport versus the dose of lipid administered was relatively linear over the dose range of 0-1,000 mg/kg long chain lipid and was paralleled by increases in mass transport of exogenous oleic acid into the lymph (Fig. 3a and Table II) . Interestingly, the proportion of the dose of oleic acid transported into the lymph increased with lipid dose (Fig. 3b and Table II) , suggesting that the efficiency of lymphatic lipid transport increased at higher lipid loads.
As the mass of lipid dosed was increased, exogenous lipids accounted for an increasing proportion of the lipids in the lymph. In comparison, endogenous fatty acid transport into b the lymph appeared to decrease (although not significantly) in animals administered the lowest long chain lipid dose (18.1 mg/kg) when compared to saline infused animals. In mice administered higher doses of long chain lipid (250-1,000 mg/kg) lymphatic transport of endogenous lipid was slightly higher than that in fasted levels. Significant differences (p<0.05) were evident between the 1,000 mg/kg lipid and saline infused groups in male mice. The trend toward increased endogenous fatty acid transport in lymph (Fig. 3c) with increasing lipid dose from 18.1 to 1,000 mg/kg long chain lipid was consistent with the increase in the proportion of exogenous lipid transport into lymph under the same conditions (Fig. 3b) suggesting that similar driving forces may be responsible for partitioning of exogenous and endogenous lipid into the lymph at higher lipid doses.
Lymph flow rates also showed similar trends to that seen for endogenous fatty acid transport, with a significant (p< 0.05) decrease in lymph flow noted for both male and female mice administered 18.1 mg/kg lipid when compared to saline (Fig. 4) . Lymph flow rate increase to baseline fasted levels in mice administered 250 mg/kg and 1,000 mg/kg long chain lipid (Fig. 4) .
After administration of 250 mg/kg of the medium chain fatty acid, capric acid, lymphatic transport of triglyceride (Fig. 3a) and exogenous fatty acid (Fig. 3a, b ) was significantly lower when compared to administration of oleic acid. Only 6.3% of the dose of capric acid was transported in the lymph. Consistent with these results, the lymph flow rate was significantly (p<0.05) lower after administration of capric acid when compared to oleic acid (Fig. 4) . In contrast, transport of endogenous fatty acids into the lymph was similar to that seen after administration of the same 250 mg/kg dose of medium or long chain fatty acid (Fig. 3c) .
Lymphatic Drug Transport in Mice: Impact of Lipid Dose, Lipid Type and Sex
Consistent with the lipid transport data, lymphatic drug transport was similar in male and female mice (Fig. 5) . In rats, however, lymphatic drug transport appeared slightly (but not significantly) lower in female when compared to male animals administered the 18. for lymphatic lipid transport in the same groups. In the mice lymphatic transport of halofantrine increased as the long chain lipid dose was increased from 18.1 to 250 mg/kg but unlike the data for lipid transport which continued to increase as the lipid dose was increased from 250 to 1,000 mg/kg, drug transport plateaued at higher lipid doses and did not increase further on administration with 1,000 mg/kg long chain lipid (Fig. 5) . Compared to the long chain lipid transport data (where 40-70% of the lipid dose was recovered in lymph (Fig. 3b) ), recovery of halofantrine in the lymph was also lower (<6% of the dose after administration with all doses of oleic acid) (Fig. 5) . Lymphatic transport of halofantrine was lower again after administration with 250 mg/kg capric acid (1.9% of dose) when compared to 250 mg/kg oleic acid (5.5% of dose) (Fig. 5 ) consistent with lower transport of medium chain fatty acid in the lymph (Fig. 3a, b) .
Lymphatic Lipid and Drug Transport Across Species
Cumulative transport of triglyceride in the lymph over 8 h after administration of different doses of long chain lipid was remarkably similar across species when normalised for body weight (mg/kg) (Fig. 6a) . In all species, transport of triglyceride in the lymph increased approximately linearly as a function of increasing long chain lipid doses, consistent with the data described for mice (Fig. 3a) . Linear regression analysis utilising the data in simply due to transport of 94% of administered lipids into the lymph (the data in Fig. 3b show that between 40% and 60% of exogenously administered lipids are transported in lymph depending on lipid dose) but rather reflects a combination of enhanced endogenous lipid transport into the lymph, an increase in the mass of exogenous lipid administered and transport of increasing proportions of the exogenous lipid dose into the lymph with increasing lipid doses. In comparison to the consistency in lipid transport across species, lymphatic transport of halofantrine differed markedly. In all species, lymphatic transport of halofantrine increased with lipid dose until it reached a plateau at long chain lipid doses greater than approximately 200 mg/kg. At all lipid doses, however, lymphatic transport of halofantrine was significantly (p<0.05) higher in dogs when compared to rats and in rats when compared to mice. In dogs, up to 54% of the dose of halofantrine was recovered in lymph which was significantly greater than the maximum lymphatic drug transport in rats (16% of dose) and mice (5.8% of dose). The ratio of lymphatic transport after administration of a given lipid dose to maximum lymphatic transport in each species (ie the % of maximum lymphatic transport achieved at each lipid dose) was, however, relatively similar (Fig. 6c) . A correlation was also evident between the % of maximum lymphatic transport and the logarithm of lipid dose, with an r single unit capsule). Consistent with the data for triglyceride transport as a function of lipid dose in Fig. 6a , lymphatic triglyceride transport was not significantly different across species at a fixed lipid dose of 18.1 mg/kg (Fig. 7a) . The rate of triglyceride transport into the lymph (Fig. 7b) was also similar across species and in conscious and anaesthetised rats (Supplementary Material Fig. S1 ). In contrast, lymphatic transport of halofantrine was greatest in dogs (28% of the dose over 8 h) when compared with anaesthetised or conscious rats (6-7% of dose over 8 h) and significantly higher in the rats when compared to the mice (2% of dose over 8 h) (Fig. 7c) . The mass ratio of halofantrine:triglyceride (mg/g) transported into the lymph was therefore significantly higher in dogs (5.4) when compared to rats (1.2) and mice (0.3).
The rate of halofantrine transport in lymph (Fig. 7d) was similar in dogs, mice and conscious rats (Supplementary Material Fig. S1 ) but slower in anaesthetised rats, perhaps because formulations were administered over 2 h to the anaesthetised rats, but via bolus to conscious rats and dogs, and over 1 h to mice. The similarity in lymphatic transport in conscious and anaesthetised rats (Supplementary Material Fig. S1 ) confirmed that differences in mass transport of halofantrine into the lymph across species are unlikely a result of differences in the method of drug administration (oral versus intraduodenal) or the conduct of studies in different conscious states (conscious versus anaesthetised). Similar to the data for lymphatic transport, the apparent bioavailability of halofantrine was significantly higher in the conscious dogs (57%) when compared to rats (29%) and mice (16%) ( Table III, Fig. 7e ). Bioavailability could not be accurately calculated in the anaesthetised rats and mice due to the difficulty in estimating a terminal elimination phase in the plasma profiles that are necessarily abbreviated in anaesthetised studies that can run for only~10 h. However, estimates using truncated plasma data suggested that the bioavailability was approximately 28% in the anaesthetised rats and 9% in the anaesthetised mice. Halofantrine thus appeared to be more efficiently absorbed in the dogs when compared to rats and mice. Importantly, however, even taking into account the differences in bioavailability, the proportion of the dose transported via the lymph varied across species and was greatest in dogs (49%), and lower in rats (25%) and mice (12.5% when comparing lymphatic transport to bioavailability in conscious animals, and 23% when comparing lymphatic transport to bioavailability in anaesthetised animals) suggesting that differences in drug absorption/bioavailability do not completely explain the species differences in lymphatic transport of halofantrine.
DISCUSSION
A mesenteric lymph duct cannulated murine model, previously employed to evaluate lymphatic lipid transport (24, 25) has been successfully established and applied to the investigation of lymphatic drug transport. This model will ultimately allow access to transgenic animals and therefore more effective exploration of the role of, for example, specific membrane transporters, binding proteins and enzymatic pathways in the lymphatic transport of lipids and drugs. In the first instance, however, the mouse model has been utilised to examine similarities or differences in lymphatic lipid and drug transport in male and female animals, in different species (mouse versus rat versus dog) and in response to the administration of different quantities of lipid.
Lymphatic lipid and drug transport patterns were, in general, highly consistent in male and female animals in the current study (Fig. 3) . Exceptions include slightly lower lipid transport in female when compared to male mice administered 1,000 mg/kg lipid, and slightly lower lipid and drug transport in female rats seen here after administration of 18.1 mg/kg lipid (Supplementary Material  Fig. S2 ). As far as we are aware, lymphatic drug transport has not previously been explicitly compared in male and female animals. Lipid transport has, however, been examined in a couple of studies. Vahouny et al. noted subtle differences in the lymph lipoprotein (chylomicron vs VLDL) distribution of exogenous oleic acid and cholesterol in male and female rats after bolus administration of an emulsion containing 25 mg cholesterol and 110 mg (366-550 mg/kg) oleic acid but did not describe large changes to the total recovery of oleic acid and cholesterol in lymph (45) . d Studies were conducted in conscious animals administered halofantrine via the oral route, except for the lymphatic transport studies in mice and rats which were conducted in anaesthetised animals administered halofantrine via intraduodenal infusion. Lymphatic transport of halofantrine was similar in conscious and anaesthetised rats (Supplementary Material Fig. S1 ) providing support for the use of data in anaesthetised rats and mice in the current comparison.
More recently, lymph flow rate, lymphatic lipid transport and lymph lipoproteins were compared in male and female C57BL/6 mice administered a continuous lipid infusion for 6 h containing a 4 μmol/h (3.5 mg/h or~175 mg/h/kg) dose of triolein. In this study, Nauli et al. found that in male mice the mean lymph flow rate was 0.25 ml/h and that 21-70% (mean 50%) of the triolein dose was transported into the mesenteric lymph at steady state. In contrast, female mice had a distinct bimodal distribution in lymph transport with 20 mice falling into a group with lymph flow rates (mean 0.25 ml/h) and lipid transport (31-70% of triolen dose) similar to male mice, whereas a separate group of 12 mice had notably lower lymph flow rates (~0.14 ml/h) and triolein transport (0-30% of dose) (44) . In Nauli et al., and consistent with the findings of Vahouny et al., more lipid was transported in the form of VLDL than chylomicrons in female animals when compared to the male mice and this occurred in both the high and low transport group. Differences in lipid transport in the females appeared unrelated to estrous cycle in this study, whereas others have found that different levels of sex hormones may influence lymphatic transport in males versus females. For example, administration of ethinyl estradiol (an estrogen), to male rats reduced the lymphatic transport of triglyceride and apolipoproteins leading to reduced plasma lipid and apolipoprotein concentrations (46) . In contrast, administration of estrogen to ovariectomized female rats significantly increased lymphatic transport of linoleic acid (47) . A clear role for sex hormones in determining patterns of lymphatic lipid transport is therefore not apparent. Consistent with this suggestion, the current data did not find substantial differences in lymphatic lipid and drug transport in male versus female animals. Subtle differences were, however, apparent and may be related to the mass of lipid dosed. The data of Nauli et al. provide convincing evidence that lymph transport may exhibit a bimodal distribution in female animals, at least after administration of relatively high lipid doses (175 mg/kg/h for 6 h ie 1,050 mg/kg). It is possible that this was not observed in the current study due to the lower number of animals per experimental group. Nonetheless the current data suggest that animals of either sex may be suitable for lymphatic drug transport studies as they yield quantitatively similar results.
Comparison of lymphatic lipid and drug transport patterns after administration of long and medium chain lipids in mice, revealed that lipid and drug transport was greater in the group administered long chain lipid (oleic acid) when compared to medium chain lipid (capric acid) (Fig. 3) . The increased transport resulted from increased lymphatic transport of exogenous oleic acid (55% of dose) when compared to exogenous capric acid (6.3% of dose) as lymphatic transport of endogenous lipid was similar in both cohorts. The data are consistent with a number of published studies in rats where longer chain lipids (>14 carbons) were more highly lymphatically transported when compared to shorter chain (and more water soluble) fatty acids, that were primarily absorbed via the portal blood (48) (49) (50) . The data are also consistent with published studies in rats and dogs that describe preferential lymphatic transport of long chain lipids and more effective lymphatic drug transport after coadministration with long rather than medium or short chain lipid (26, 29) . The current study validates that the lipid chain length effects previously seen in rats and dogs are also evident in mice.
Lymphatic transport of triglyceride increased linearly with lipid dose and was remarkably similar across species on a mg/kg basis (Fig. 6a) . Indeed, regression analysis of all data sets yields a single relationship to quantify lymphatic lipid transport as a function of long chain lipid dose and is seemingly applicable to all the examined animal species (Eq. 3). This may find utility in predicting lipid transport after administration of different lipid doses in different species. In contrast, lymphatic transport of drug was not linearly related to lipid dose and differed markedly across species. Whilst mass transport of drug differed across species, however, the proportion of maximum drug transport achieved via administration of different lipid doses appeared to be the same in all species and related to the logarithm of lipid dose (Fig. 6c) . The similarities in triglyceride transport across species and the relationship between lipid transport and the proportion of maximum drug transport suggest that results for lipid (and potentially drug) transport into lymph may be extrapolated across species with some certainty.
Analysis of the contribution of exogenous and endogenous lipids to total lymph lipid transport in mice administered long chain lipid (oleic acid) revealed that lymphatic transport of exogenous lipids increased and became a more important contributor to total lipid transport at increasing exogenous lipids doses (from 18.1 to 250 to 1,000 mg/kg). The increase in lymphatic transport of exogenous lipid was a function of administration of higher exogenous lipid doses (as expected), and also an increase in the proportion of the exogenous lipid dose that was lymphatically transported at higher lipid doses (Fig. 3a, b) . These results in mice are consistent with previous studies in rats that describe the recovery of 40-80% of the dose of oleic acid in mesenteric lymph, with greater lymphatic recovery after administration of higher lipid doses (21, 26, 28, (40) (41) (42) . The underlying mechanisms involved in the increase in efficiency of lymphatic lipid transport with increasing lipid dose are unknown, but may involve the upregulation of transport proteins and metabolic enzymes that direct lipid into the lymph. A positive feedback loop such as this is consistent with previous findings showing that increases in systemic chylomicron concentrations stimulate enhanced lymph lipid transport (51), as well as likely energy needs. Thus, at lower lipid doses, a greater proportion of lipid is required as an immediate energy source and is therefore transported into the blood. In contrast, at higher lipid loads, the quantity of lipid is in excess of immediate energy requirements and is diverted to storage via resynthesis to triglyceride, assembly into lipoproteins and transport into the lymph. Lipoprotein associated triglyceride may subsequently be directed to storage sites such as adipose tissue. This hypothesis will be addressed in future studies.
The impact of exogenous lipid on endogenous lipid transport into lymph in mice was markedly dependent on lipid dose. Thus, at higher exogenous lipid doses (250 and 1,000 mg/kg) the entry of endogenous lipids into the lymph of mice was enhanced (Fig. 3c and Table II) , and at the lowest lipid dose (18.1 mg/kg oleic acid) lymphatic transport of endogenous lipid was reduced. This pattern is consistent with previous studies in rats where administration of 100-1,000 mg/kg of oleic acid to rats increased endogenous lipid entry into the lymph (21, 28, 52) . In greyhound dogs administration of exogenous lipids has also been shown to stimulate lymphatic transport of endogenous lipids although in this case endogenous lipid recruitment appeared to occur after administration of even lower lipid doses (18.1 mg/kg long chain lipid) (9, 29) .
Despite subtle differences in endogenous lipid recruitment into lymph, total lymphatic lipid transport was similar across species after administration of 18.1 mg/kg exogenous lipid (Fig. 7) . In contrast, the lymphatic transport of halofantrine after administration of the same lipid dose was markedly different and increased in the order: mice (~2% dose), rats (~7%) and dogs (~28%) (Fig. 7) . Similarly, after administration with higher lipid doses or food, the maximum lymphatic transport of halofantrine in mice (6% of the dose) was significantly lower than that seen previously in rats (16-20% (20,21,26) ) and dogs (54% (9)). The primary drivers of lymphatic drug transport are expected to be the quantity of lymph lipoproteins in the enterocyte (as defined by the lipid dose and the efficiency of lymphatic lipid transport); the quantity of drug in the enterocyte (as defined by the drug dose, the fraction absorbed and the fraction that escapes gut based metabolism) and the affinity of drug for developing lymph lipoproteins in the enterocyte (often predicted based on log D and lipid solubility). As lymphatic lipid transport was similar across species, the differences in lymphatic transport of halofantrine do not appear to have resulted from reduced lymphatic lipid transport in the mice and rats when compared to dogs. The bioavailability of halofantrine did increase in dogs (~57%) when compared to rats (~29%) and mice (~16%) (Fig. 7) , however, the differences in lymphatic drug transport were greater than the differences in bioavailability and the proportion of the bioavailable dose that was lymphatically transported was greater in dogs (49%) when compared to rats (25%) and mice (12.5%) (Fig. 7) . As such changes in bioavailability appear to explain some, but not all of the differences seen. Drug affinity for mouse versus rat versus dog lymph lipoproteins is a function of the physicochemical properties of the drug (which are constant) and the nature of the lymph lipoproteins. It is possible that intestinal lipoproteins in the dog differ from that in the rat and mouse and provide increased affinity for halofantrine. However other factors may also affect lipoprotein partitioning including differences in enterocyte-based metabolism, intestinal blood and lymph flow and plasma (and lymph) protein binding. The species differences in lymphatic transport therefore appear to be a composite function of differences in absorption, and other factors. Ongoing studies aim to examine further the mechanism(s) responsible for the species differences in lymphatic transport of halofantrine.
The current data also raises the question as to whether absorption and lymphatic transport of highly lipophilic compounds is, in general, more efficient in dogs than in rats and mice. Although no previous studies have explicitly compared the absorption and lymphatic transport of highly lipophilic drugs across species, our limited experience suggests that lymphatic transport of lipophilic drugs is often more efficient in dogs when compared to smaller species such as rats. For instance, the maximum lymphatic transport of the CETP inhibitors CP532,623 and CP524,515 was 28 and 22% of the dose in rats and 36 and 56% of the dose in dogs, respectively. After administration with 13.3 mg/kg long chain lipid to rats and 18.1 mg/kg long chain lipid to dogs, the lymphatic transport of CP532,623 increased from 12 to 26% and of CP524,515 increased from 16 to 25% (4, 5) . Similarly, the maximum lymphatic transport of methylnortestosterone was 3% of the dose in rats and 6% of the dose in dogs (12) . Further studies are obviously required to provide additional data to support these suggestions.
CONCLUSION
In summary, lymphatic lipid and drug transport has been compared as a function of lipid dose, species (mice, rats and dogs) and sex (male versus female animals). In particular a detailed analysis of the impact of lipid dose on endogenous lipid, exogenous lipid and drug transport into the mesenteric lymph has been presented across species. Lymphatic lipid transport was remarkably similar across species, and in male versus female mice, suggesting that data collected in animals of different species and sex are likely to be comparable. Surprisingly, despite similar lymphatic lipid transport profiles, lymphatic transport of halofantrine was substantially lower in mice < rats < dogs. Some of this difference appeared to result from lower bioavailability, however this was unable to explain all of the differences observed and more systematic differences in lymphatic drug transport across species appear evident. Future analyses will determine if similar trends in lymphatic transport are seen for other drugs and will focus on determining the mechanisms behind differences in lymphatic transport of halofantrine across species, in order to establish the most relevant model(s) to predict lymphatic transport in humans.
